The water cooled ceramic breeder (WCCB) blanket employing pressurized water as a coolant is one of the breeding blanket candidates for the China Fusion Engineering Test Reactor (CFETR). Some updating of neutronics analyses was needed, because there were changes in the neutronics performance of the blanket as several significant modifications and improvements have been adopted for the WCCB blanket, including the optimization of radial build-up and customized structure for each blanket module. A 22.5 degree toroidal symmetrical torus sector 3D neutronics model containing the updated design of the WCCB blanket modules was developed for the neutronics analyses. The tritium breeding capability, nuclear heating power, radiation damage, and decay heat were calculated by the MCNP and FISPACT code. The results show that the packing factor and 6 Li enrichment of the breeder should both be no less than 0.8 to ensure tritium self-sufficiency. The nuclear heating power of the blanket under 200 MW fusion power reaches 201.23 MW. The displacement per atom per full power year (FPY) of the plasma-facing component and first wall reach 0.90 and 2.60, respectively. The peak H production rate reaches 150.79 appm/FPY and the peak He production reaches 29.09 appm/FPY in blanket module #3. The total decay heat of the blanket modules is 2.64 MW at 1 s after shutdown and the average decay heat density can reach 11.09 kW m −3 at that time. The decay heat density of the blanket modules slowly decreases to lower than 10 W m −3 in more than ten years.
Introduction
The China Fusion Engineering Test Reactor (CFETR) is a tokamak reactor. Its major radius is 5.7 m, minor radius is 1.6 m, and elongation ratio is 1.8 [1] . Two options of the water cooled ceramic blanket (WCCB) for the CFETR are being designed at the Institute of Plasma Physics, Chinese Academy of Sciences. One is focused on a WCCB with superheated steam as an advanced option [1] . The other candidate extends the wellestablished pressurized water reactor (PWR) technology [2] , namely 15.5 MPa pressure and inlet/outlet temperature of 285°C/325°C. Both WCCB blanket concepts have the mixed breeder of Li 2 TiO 3 and Be 12 Ti as the tritium breeder and primary neutron multiplier. Besides, there are two layers of beryllium pebble bed serving as additional neutron multipliers. The structural material uses reduced activation ferritic/martensitic (RAFM, e.g. CLF-1 [3] ) steel. A tungsten armor is coated on the first wall to protect it from plasma erosion and corrosion. The nuclear analyses of the WCCB blanket with superheated steam have been carried out [4] [5] [6] .
Compared to the WCCB version with superheated steam, three significant modifications have been adopted for the WCCB blanket with the PWR condition on the cooling, radial build-up of blanket modules, and the 6 Li enrichment of the tritium breeding material [7] , which consequently changed the tritium breeding capacity, nuclear heat power, radiation damage, and decay heat. First, the employment of the PWR condition water coolant increased the material proportion of water so that the neutron spectrum would be more thermalized. Second, as for the radial build-up, the optimized radial build-up removed the reflector layer and reduced the number of cooling plates from seven layers to three or four, which changed both the neutron flux at the back plate (BP) and the volume ratio of the coolant to structure material. Third, the 6 Li enrichment was decreased from 0.9 to 0.8 and thus the tritium breeding capability was directly influenced. Thereafter, these modifications changed the neutronics performance of the blanket and thus necessitated the updating of the neutronics analyses. In this paper, the neutronics analyses of the WCCB blanket design with the PWR condition are presented.
WCCB blanket design with the PWR condition
The CFETR blanket system has 16 sectors with 22.5°for each sector. Each sector is divided into two inboard and three outboard blanket segments along the toroidal direction. Poloidally, there are five blanket modules in each outboard (module #1-5) and inboard (module #6-10) segment. And there are 2 cm gaps between adjacent blanket modules for consideration during assembly. Each blanket module is divided into nine main components according to the material and function. They are the plasma-facing component (PFC), first wall (FW), Be pebble bed, mixed breeding zones (BZs), cooling plates (CPs), BP, side walls (SWs), cover plates, and stiffening plates (rpSPs). A hybrid 3D-1D-3D approach is adopted to optimize the radial build-up of each blanket module [7] . The main design parameters of blanket module #1-10 are listed in table 1 [2] . Based on the radial buildup, each blanket module structure is a customized designed, as shown in figure 1 . As an example, the structural features of blanket module #3 are depicted in figure 2 [7] .
Methodology and models

Neutronics analyses method
The tritium breeding capability, nuclear heating power, radiation damage, and decay heat of the WCCB with PWR condition were calculated and are presented in this paper. The MCNP code (version 4 C) [8] and FENDL 2.1 nuclear data library [9] were used in the neutron transport calculation to get the tritium breeding ratio (TBR) and nuclear heating power of the blanket modules.
As for the radiation damage, including the displacement per atom (DPA) and the gas production of materials [10] , they are calculated by coupling the MCNP and FIS-PACT-II code [11] developed by the Culham Centre for Fusion Energy (CCFE). The FISPACT-II code can calculate DPA rates with TENDL data libraries and CCFE 709 group structure neutron fluxes [11, 12] . First, the 709 group neutron fluxes of cells in the blanket modules were obtained through the neutron transport calculation. Second, the inventory calculation, which requires material data and the neutron flux obtained in the first step, was performed using FISPACT with the TENDL-2013 data library [13] . The DPA and gas production were simultaneously calculated in the inventory calculation. The decay heat was obtained by activation calculation coupling of the MCNP and FISPACT code. The activation calculation was performed in three steps [5] . First, we calculate the neutron energy spectra in each cell of the components of interest by neutron transport computation. Second, we perform a neutron-induced inventory calculation to get the decay heat of each cell. Finally, we gather the results of each cell to calculate the mass-weighted average decay heat for each component, as each component consists of several cells. Different from the radiation damage calculation, the VITAMIN-J 175 group was used to calculate the decay heat, because the EAF2007 [14] and EAF2010 [15] were employed in the inventory calculation, as this consumes less computer time. It is assumed that the WCCB blanket needs to be replaced every five operation years with the duty time factor of 0.5, which means the irradiation time of the blanket is 2.5 full power years (FPYs). Moreover, a half-year cooling and half-year irradiation pulse cycle were assumed and applied to the activation calculation [5] .
WCCB neutronics model and neutron flux
A 22.5 degree toroidal symmetrical torus sector 3D neutronics model with updated design of the WCCB blanket modules was developed (shown in figure 3 ). It includes major components of the CFETR, such as the magnet coils, central solenoid, cryostat, vacuum vessel, divertor, blanket modules, and ports.
The DT neutron source has been modeled with five nested cells according to the MHD equilibrium calculation [16] . More precisely, the normalized neutron intensities of the five nested neutron sources are 1%, 6%, 13%, 30%, and 50%, respectively, and the 14 MeV isotropic neutrons with Gaussian fusion spectra were distributed uniformly in each source [4] .
As for the blanket modules, all the components were modeled accurately according to the optimized design to get detailed spatial distribution of the neutron flux and energy spectra. The components and the neutron flux of the blanket are shown in figure 3 . The materials used in these components are listed in table 2. Its layout has been simplified in the neutronics model [2] . All the components that contain coolant path, i.e. the FW, CPs, SW, cover, and BP, are simplified as a mixture of RAFM and water according to the corresponding volume ratio.
Results
Neutron wall loading distribution
The neutron wall loading (NWL) of the CFETR WCCB blanket modules under 200 MW fusion power was calculated tallying the uncollided neutron energy current density at the plasma-facing surfaces. The peak NWL of the outboard blanket is 0.454 MW m −2 for blanket module #3, the peak NWL of the inboard blanket is 0.330 MW m −2 for blanket . Segmentation cards that divide each plasma-facing surface into three parts were used to obtain a more precise distribution of NWL among the blanket modules. The NWL distribution along the poloidal direction from blanket module #1-10 is shown in figure 4.
Tritium breeding capability
Tritium breeding capability is of crucial importance to the task of tritium self-sufficiency of fusion facilities. Therefore, the TBR was the constraint condition in the process of design and optimization, and the TBR impact factors, such as the mixed breeder pebble bed packing factor (here was 0.8, i.e. vol. 80%), and the 6 Li enrichment in the ceramic breeder (here was 0.8), were considered during the optimization process.
The tritium breeding capability of the optimized WCCB blanket was evaluated under the PWR condition of 200 MW fusion power. And the results show that the TBR reaches a value of 1.21, which meets the requirement of the CFETR. The contribution to the total TBR of the different blanket modules is listed in table 3.
The influence of the breeder pebble bed packing factor of the mixed breeder pebble bed and 6 Li enrichment was then evaluated. With the 6 Li enrichment of 0.8, the change trend of the TBR with the packing factor is shown in figure 5 below. The TBR reaches 1.2 only when the packing factor is bigger than 0.8.
The TBR changes with the 6 Li enrichment follow a similar trend to that of the packing factor, as shown in figure 6 . The 6 Li enrichment should be at least 0.8 to ensure that the TBR is bigger than 1.2 when the packing factor is 0.8.
In this case, the packing factor and 6 Li enrichment of the breeder should both be no less than 0.8 to ensure that the TBR reaches 1.2. If either is lower than 0.8 by a degree, the other must be increased to a greater degree to compensate the tritium breeding capability.
Nuclear heating power
The nuclear heating power of the CFETR WCCB blanket of 200 MW fusion power reaches 201.23 MW, and its distribution among the blanket modules is listed in table 4. Although blanket #3 has the highest NWL, it is blanket module #4 that has the highest nuclear heat, because it has a higher volume. But it is blanket module #9 that has the highest nuclear heat density, because it is thinner in the radial direction than the other blanket modules.
The nuclear heating densities of different components in a blanket module are required for thermal-hydraulic optimization as well as nuclear safety analysis. To meet the needs of further analyses of the WCCB blanket, the detailed radial build-up of the blanket modules was implemented in the neutronics model and a more specific nuclear heating density distribution among the components of the blanket modules was obtained and listed in table 5.
Radiation damage
The material radiation damage caused by the high-energy, high-intensity neutron fluxes produced by the fusion plasma ), RAFM steel 80.0% will significantly shorten the lifetime of fusion devices [17] . Radiation damage of WCCB materials, which includes the structure material, tritium breeder, and neutron multiplier, under 200 MW fusion power was calculated and reported in this section.
The radiation damage level of the PFC and FW have nearly linear correlation to NWL as they directly face the neutron fluence. The variation of the DPA/FPY in different blanket modules, see figure 7 , shows the same pattern as that of NWL. More specifically, the DPA/FPY of the PFC Figure 5 . TBR as a function of the packing factor of the mixed breeder pebble bed with the 6 Li enrichment of 0.8. Figure 6 . TBR as a function of 6 Li enrichment with the packing factor of the breeder pebble bed of 0.8. and FW in blanket module #3 reaches 0.90 and 2.60, respectively. FWs in different blanket modules face the most severe radiation condition among the RAFM-made structure components. Their gas production is illustrated in figure 8 . It is also blanket module #3 that has the highest gas production level. Its peak H production rate is 150.79 appm/FPY, and the peak He production rate is 29.09 appm/FPY. The DPA and gas production in the FWs of the PWR condition are at same level as the superheated steam condition, as present in previous analysis [4] .
Blanket module #3 has the highest radiation damage level with regard to both DPA and gas production. Therefore, it was chosen as the example to demonstrate the radiation damage variation with distance from the plasma-facing surface into the outboard equatorial region. Radiation damage of some components of blanket module #3 that were arranged along the radial direction are listed in table 6. Radiation damage is highly material dependent, especially with regard to gas production. But when considering the same material, they decrease rapidly along the radial direction. For example, FW, CP1, CP2, CP3, CP4, and BP use the same RAFM as structure material, and their radiation damage declines exponentially along the distance from the plasma-facing surface, as illustrated in figure 9 . The same trend is also found in BZs and Be pebble bed zones, as shown in figures 10 and 11, respectively.
Decay heat
The decay heat is of great significance to nuclear safety issues. Both the total decay heat and decay heat density in the blanket system in different time periods after showdown are crucial for the design of the residual heat removal system and nuclear safety facilities.
The irradiation time of the WCCB is five operation years with the duty time factor of 0.5 (i.e. 2.5 FPYs). More specifically, the blanket is irradiated under a half-year cooling and half-year irradiation pulse cycle [5] . At the end of the operational phase, a sequence of decay-cooling steps was set to calculate the decay heat at 1 s, 1 h, 10 h, 1 d, 1 week, 1 month, 3 months, 1 year, 3 years, 10 years, 30 years, 50 years, 100 years, 1000 years, and 10 000 years after the disassembly of the WCCB. The decay heat of the blanket systems at 1 s after shutdown under 200 MW fusion power is 2.64 MW, and the decay heat density of the blanket modules operated under 200 MW fusion power can reach about several kW m -3 , and in some components, especially the PFC, this value can be as high as 621.00 kW m . The dominant isotopes that contributed to the decay heat of the blanket system are presented in figure 12 . The decay heat of the blanket systems mainly comes from Fe(n, p)). This is because after about three years after shutdown, the decay heat of the blanket system mainly comes from the breeding material and neutron multiplier, as they contain isotopes that produce tritium.
The unbalanced neutron wall load and the difference in the design of each module lead to difference in decay heat and decay heat density distribution in different blanket modules, which are depicted in figures 13 and 14, respectively. The difference in the different blanket modules is within a factor of ten. It can be seen from figure 14 that the decay heat density of the blanket modules slowly decreases to lower than 0.01 kW m −3 , a level that needs active wet cooling [18] , in more than ten years, which means that the decay heat density keeps at a level that cannot be neglected in the short time after shutdown. The unbalance of decay heat density appears not only among the different blanket modules but in the different components of a specific module. What is worse, the latter is even in a greater extent. For example, for blanket module #3, the decay heat density of the PFC is almost 3-6 orders of magnitude higher than that of the Be multiplier in the period between 1 s to ten years after shutdown, as shown in figure 15 . There are similar results in blanket module #9, which has the highest decay heat density among these blanket modules, as shown in figure 16.
Summary
Several significant modifications and improvements have been adopted for the CFETR WCCB blanket during its design stage, including the cooling options and radial build-up of the blanket. Thereafter, these changes will change the neutronics performance of the blanket leading to the change of tritium breeding capacity, nuclear heat, and material temperature distribution. The neutronics analyses of the optimized CFETR WCCB blanket design are presented in this paper.
The TBR of the optimized design of the blanket of the PWR condition reaches 1.21, which meets the requirement of the CFETR. And the packing factor and 6 Li enrichment of the breeder should both be no less than 0.8 to ensure the tritium self-sufficiency.
The nuclear heating power of the CFETR WCCB blanket of 200 MW fusion power reaches 201.23 MW, and its distribution among the blanket modules and in components of each module differ greatly.
The radiation damage level of the PFC and FW have nearly linear correlation to NWL as they directly face the neutron fluence. The highest DPA/FPY of the PFC and FW appear in blanket module #3, reaching 0.90 and 2.60, respectively. Radiation damage is highly material dependent, especially as regards the aspect of gas production. But when considering the same material, they decrease rapidly along the radial direction.
The decay heat density of the blanket modules operated under 200 MW fusion power can reach about several kW m -3 , and in some components (especially the PFC), this value reaches 621.00 kW m −3 . The decay heat keeps at a level that cannot be negligible in the short time after shutdown. Thus, there should be appropriate consideration for a decay heat removal system during the thermo-hydraulic safety design.
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